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We investigate the electric manipulation of a single electron spin in a single gate-defined quantum
dot. We observe that so-far neglected differences between the hyperfine and spin-orbit mediated
electric dipole spin resonance conditions have important consequences at high magnetic fields. In
experiments using adiabatic rapid passage to invert the electron spin, we observe an unusually wide
and asymmetric response as a function of magnetic field. Simulations support the interpretation of
the lineshape in terms of four different resonance conditions. These findings may lead to isotope-
selective control of dynamic nuclear polarization in quantum dots.
PACS numbers: 76.30.-v,73.63.Kv,03.67.-a
Manipulation of electron spins is an essential tool for
applications in spin electronics (spintronics) [1, 2]. In
the limit of single-electron spin manipulation, applica-
tions in solid-state quantum computation arise, where
the electron spin serves as a two-level system (qubit) [3].
Conventionally the manipulation of electron spins makes
use of electron spin resonance (ESR) whereby an alter-
nating magnetic field is applied with a frequency equal
to the precession frequency of the electron spin [4]. In
semiconductor quantum dots, single electron spin ma-
nipulation by ESR has been realized by applying a large
localized alternating magnetic field at low temperature,
which is challenging [5]. In comparison, it is much eas-
ier to create and localize an oscillating electric field. In
a semiconductor environment, electric fields can couple
to electron spins, and electron spin transitions can be
induced through electric-dipole spin resonance (EDSR)
[6–9]. Recently, EDSR has been measured on single elec-
tron spins in quantum dots [10–13].
The coupling of electric fields to the electron spin can
be mediated in several ways: a transverse magnetic field
gradient [12, 14], exchange with magnetic impurities [15],
a position dependent g-tensor [8], spin-orbit coupling [9,
10, 16–18], and hyperfine interaction with nuclear spins
[11]. A unified theoretical description is given in [19].
In all these experiments and theoretical discussions, any
differences in the resonance frequencies associated with
the different driving mechanisms have been neglected.
Here we show that at high magnetic fields there is a
clearly observable shift in the resonance condition be-
tween spin-orbit mediated (SO-EDSR) and hyperfine me-
diated EDSR (HF-EDSR). In these experiments, we in-
troduce adiabatic rapid passage as a robust technique
to invert the electron spin in quantum dots using fast
frequency chirps, since surprisingly no EDSR response is
obtained when using fixed-frequency excitation. Further-
more, by modeling the EDSR response, we get a deeper
understanding of the interplay between spin-orbit and
hyperfine mediated driving.
The measurements are performed on a single quantum
dot laterally defined in a GaAs/(Al,Ga)As heterostruc-
ture. A quantum point contact (QPC) is placed close to
the quantum dot and used as a charge detector [20]. Fig-
ure 1(a) shows a device image and the charge stability
diagram in the region of interest. The electron temper-
ature is about 250 mK. An in-plane magnetic field is
applied along the [110] crystallographic axis to split the
spin states. We control the electrochemical potential of
the dot by applying voltage pulses on gates LP and RP,
which are fitted with bias tees.
The measurement scheme is as follows (Fig. 1(c)): first
we empty the dot, inject an electron in the left quantum
dot by pulsing from the (0,0) to the (1,0) charge state,
and initialize to spin-up by waiting longer than the spin
relaxation time, close to the (1,0)-(0,1) charge transition
where relaxation is fastest [21] (∼ 6 ms altogether). Then
we apply a microwave burst to gate LS to manipulate
the electron spin (manipulation step, 100-500 µs). The
manipulation step is done deep in Coulomb blockade in
order to minimize the effect of photon-assisted tunneling
and avoid thermal excitation to/from the reservoirs. Fi-
nally we pulse into the read-out position and measure the
electron spin state using energy selective spin-to-charge
conversion [22, 23] (1.5 ms, single shot read-out fidelities
were ∼ 95% and ∼ 80% for the detection of spin-up and
spin-down states, respectively). We end with a 2.5 ms
compensation stage that makes the pulse amplitude av-
erage to zero, so no offsets are induced by the bias-tee.
Sufficient repetition of this cycle (100-2000 repetitions)
yields the spin-down probability at the end of the manip-
ulation stage.
The microwave (MW) burst is chosen to be long
enough (τMW = 400 µs) compared to the Rabi decay
time (∼ 1 µs [5]) to create a mixture of spin-up and spin-
down states. The applied microwave power is maximized
by operating just below the onset of photon-assisted tun-
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FIG. 1. (a) Scanning electron micrograph of a device sim-
ilar to the one measured (top) and QPC current (a back-
ground plane has been subtracted) as function of LP and
RP gate voltages (bottom). VL = 1.2VLP + 0.6VRP and
VR = 1.4VLP+0.5VRP. (n,m) indicate the number of electrons
in the left and right dot, respectively. (b) Schematic explana-
tion of adiabatic rapid passage (see text). Blue and red solid
lines show the electron spin eigenenergies in the presence of
an ac excitation transverse to the static magnetic field as a
function of detuning from resonance. In the experiment, the
excitation frequency was chirped in the direction of the time
arrow. The insets show the effective field acting on the spin
for three values of detuning (κ = ~/gµB, with µB the Bohr
magneton and g the electron g-factor). (c) Electrochemical
potential diagrams during the pulse cycle (see text). At the
read-out stage, the electron tunnels out if and only if it is spin
down, in which case a step in the QPC current results.
neling. The magnitude of the electric field is estimated to
be of the same order of magnitude as in previous EDSR
measurements in GaAs quantum dots [10, 11]. To find
the electron spin resonance position, we apply such pulses
at different static magnetic fields.
Surprisingly, under fixed-frequency excitation, no
EDSR response is observed, regardless of the magnetic
field sweep direction (Fig. 2(a)). We used magnetic field
steps down to 1 mT, well below the 5-10 mT linewidth
typically observed in GaAs quantum dots due the (1-2
mT rms) distribution of nuclear fields [5, 10, 24]. Based
on the geometry we expect the alternating field to be
mostly along [110], so the Dresselhaus and Rashba con-
tributions to the spin-orbit interaction work against each
other [16, 25]. If they largely cancel out, SO-EDSR is
very weak, but we would still expect a signal due to hy-
perfine mediated EDSR [11]. The resonance condition
could shift due to dynamic nuclear polarization (DNP),
but this is expected to occur only for one sweep direction
of the magnetic field [26] and is thus not likely the ex-
planation. We return to the absence of a fixed-frequency
response near the end of this Letter.
Remarkably, a very strong and clear single-spin EDSR
response was obtained when the microwave bursts were
frequency chirped (red trace in Fig. 2(a)): when the exci-
tation frequency passes through the resonance frequency
under the right conditions, the electron spin is inverted
in a process called adiabatic rapid passage [27]. This pro-
cess can be understood as follows (see Fig. 1(b)). The
microwave excitation produces an oscillating (effective)
magnetic field in the equatorial plane of the Bloch sphere.
In the rotating frame synchronized with the instanta-
neous excitation frequency, the driving field lies along a
fixed axis (B1 in the insets of Fig. 1(b)). When the
microwave frequency is detuned from the spin Larmor
frequency by ∆ω, the electron is subject to an additional
effective magnetic field with magnitude ~∆ω/gµB per-
pendicular to the equatorial plane of the Bloch sphere
(left and right inset). When sweeping the MW frequency
from far below to far above the resonance frequency, the
total effective field, Beff, will get inverted. The electron
spin will track the total effective field and get inverted as
well, provided the frequency sweep rate is much slower
than the Rabi frequency, Ω, squared (adiabaticity condi-
tion) and spin coherence is preserved during the inversion
[28]. For large MW chirp ranges, adiabatic inversion is
insensitive to the exact value of the resonance frequency
and is thus robust to slow fluctuations of the resonance
position.
The response in Fig. 2(a) is very strong but the line-
shape is unexpected. For adiabatic rapid passage through
a single resonance and in the presence of random nuclear
fluctuations, the lineshape is expected to be symmet-
ric and the convolution of a boxcar function with width
equal to the FM depth and a Gaussian distribution asso-
ciated with the nuclear spin fluctuations. The observed
lineshape, in contrast, is asymmetric and the linewidth
(∼ 26 ± 4 mT) is much larger than both the FM depth
(corresponding to 8.4 mT) and the random nuclear field.
The asymmetry and width are reproducible, with varia-
tions between repeated measurements with identical set-
tings about as large as the variations between the red
traces of Figs. 2(a-c). The variations are due to a statis-
tical error in the measured probability and from sampling
of the nuclear field distribution (see [29] for more details).
The asymmetric lineshape is reminiscent of lineshapes
which have been identified as the result of DNP [30], but
unlike those measurements did not show any hysteretic
behavior in the frequency or field sweep direction.
The behavior of the EDSR peaks as a function of MW
power is shown in Fig. 2(b). For very low MW pow-
ers, the width of the EDSR signal is very sensitive to the
MW power while for high MW powers the linewidth sat-
urates (Fig. 2(b) inset). Furthermore, the width of the
response increases with increasing FM depth (Fig. 2(c);
see [29] for additional data using smaller FM depth). Fi-
nally, when reducing the burst time while keeping the
modulation depth constant, the spin flip probability is
gradually reduced as well (Fig. 2(d)). This is consis-
tent with a transition from adiabatic passage to diabatic
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FIG. 2. (a) Measured spin-down probability as a function of
magnetic field for a 400µs MW burst at fMW = 26.5 GHz
(blue) and for a 400µs frequency chirped MW burst with a
frequency modulation (FM) depth of 40 MHz centered at 26.5
GHz (red). The double arrow shows the magnetic field span
corresponding to 40 MHz. Inset: EDSR resonance frequency
as a function of magnetic field, along with a linear fit (gray
curve), giving an electron g-factor of −0.339 ± 0.003. As the
resonance position we took half a FM depth above the left
flank of the response. (b) Similar to (a), for three differ-
ent driving amplitudes. The amplitudes are estimated con-
sidering the attenuations in the MW line (traces are offset
for clarity). Inset: The linewidth saturates as the power in-
creases. (c) Similar to (a) for two different FM depths, both
at a chirp rate of 150 MHz/ms. Arrows show the expected
difference in the linewidth. (d) Measured spin down probabil-
ity at B = 5.349 T as a function of MW burst duration (FM
depth 75 MHz). The gray line is an exponential fit to the
data. All measurements in (a,c,d) are taken with the same
MW power as the red trace in (b).
passage upon increasing the chirp rate. From the time
constant of the exponential fit to the data and the chirp
rate, we can extract a Rabi frequency of ≈ 0.2 MHz us-
ing the Landau-Zener model for transition probabilities
[28]. Measurements with a microwave chirp back and
forth, corresponding to two consecutive adiabatic pas-
sages, were also consistent with this model (for details
see [29]).
Understanding the lineshape requires consideration of
the different EDSR mechanisms, here spin-orbit and hy-
perfine mediated EDSR. The SO-EDSR resonance fre-
quency is equal to the electron spin Larmor frequency
(ωL = gµBBext/~ with Bext the external magnetic field).
In contrast, HF-EDSR involves direct electron-nuclear
spin flip-flops, so the resonance frequency is smaller than
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FIG. 3. (a) Schematic representation of the resonance con-
dition of SO-EDSR, ωL (black), and HF-EDSR, ωL − ωN ,
for 75As (blue), 69Ga (red) and 71Ga (green) nuclei. The
separations are not to scale. The dashed-arrow shows the di-
rection of the magnetic field sweep in the measurements. (b)
Measured spin-down probability versus magnetic field for a
75 MHz chirp at 26.5 GHz (black) and 36.8 GHz (red). Both
measurements have been done at high MW power, where the
linewidth is saturated. Arrows show the relative positions of
spin-orbit and hyperfine mediated EDSR resonances (same
color coding as in (a)).
that of SO-EDSR by the nuclear spin Larmor frequency,
ωN = gNµNBext/~, where gN and µN are the nuclear
g-factor and magneton, respectively (or for a given exci-
tation frequency, the resonant field is higher, as in Fig.
3(b)). For the three nuclear species in GaAs, 75As, 69Ga
and 71Ga, the shift in the resonance conditions amounts
to 7.318 MHz/T, 10.24 MHz/T and 13.02 MHz/T, re-
spectively, giving rise to a total of four resonance condi-
tions (Fig. 3(a)). These shifts are usually neglected, but
are important at high field, see the two sets of vertical ar-
rows in Fig. 3(b). The total linewidth observed at 26.5
GHz covers the range of the four resonance conditions
plus twice the FM depth, which is a first indication that
all resonances play a role. In line with this interpreta-
tion, we see in Fig. 3(b) that the response at a 36.8 GHz
center frequency is correspondingly broader than that at
26.5 GHz.
In the measurements, we see that the signal is system-
atically higher in the SO-EDSR field range than in the
HF-EDSR field range. A first possible explanation could
be that the adiabaticity condition is here better satisfied
for SO-EDSR than for HF-EDSR. A second possibility is
that the separation between the three hyperfine-mediated
resonances is so small compared to the Rabi frequencies
that neighbouring resonances affect the spin dynamics
simultaneously, spoiling spin inversion.
To clarify this issue, we numerically simulate the re-
sponse to the chirped MW bursts. For simplicity, in
the simulation four excitation frequencies are chirped
through a single resonance frequency ωL, rather than
sweeping one excitation through four resonances. Then
the Hamiltonian in the laboratory frame is given by
−
~
2
ωLσz − ~
[
Ωso cos(ωt) +
∑
N
ΩNhf cos((ω + ωN)t)
]
σx
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FIG. 4. Simulated spin-down probability (assuming perfect
measurement fidelity) versus magnetic field for a 500 µs, 40
MHz chirp (blue) and a 937 µs, 75 MHz chirp (red) for (a)
Ωso = 1.25 MHz, Ω
75As
hf = 0.63 MHz and (b) Ωso = 6.28
MHz, Ω
75As
hf = 5.02 MHz. The numbers in panel (b) express
the number of resonances covered by the chirp. Arrows show
spin-orbit and hyperfine mediated EDSR resonance positions
(color coding as in Fig. 3). Double arrows show the magnetic
field range corresponding to the FM depth.
where Ωso and Ω
N
hf are the spin-orbit mediated and hy-
perfine mediated Rabi frequencies, with nuclear species
N =75As, 69Ga, 71Ga; σx,z are the x and z Pauli ma-
trices. In the simulations, we approximate the effect of
the time dependence of the nuclear field during the chirp
using a phase damping operator [31], using T2 = 100µs
for the coherence time (the simulation results were insen-
sitive to the value of T2 in the range ∼ 100 − 500 µs).
Additionally, we account for the random nuclear field at
the start of every cycle by convoluting the response with
a normal distribution function with standard deviation
0.5 mT [32].
The spin-orbit mediated Rabi frequency used in the
simulation was that extracted in Fig. 2(d), Ωso = 2pi×0.2
MHz (that data is taken at a magnetic field where the
chirp range does not cover the hyperfine-mediated reso-
nances). We do not have an independent measurement of
ΩNhf , but we do know the ratio between the three Ω
N
hf [33].
We have extensively explored the response for various val-
ues for ΩNhf in the simulation and found an asymmetric
response as observed in the experiment when Ωso > Ωhf ,
with 0.6 MHz < Ωso < 5 MHz and 0.3 MHz < Ω
As
hf < 0.8
MHz. An example lineshape is shown in Fig. 4(a). The
adiabaticity condition (Ω2 > 2
pi
dω/dt) is then better sat-
isfied and spin inversion is more complete for spin-orbit
mediated driving than for hyperfine mediated driving.
This explains the observed asymmetric lineshape. Simi-
lar to the measurement of Fig. 2(c), increasing the chirp
range to 75 MHz while keeping the FM rate constant
broadens the line (red trace in Fig. 4(a)) since the res-
onances can now be reached from a larger field range.
The steepness of flanks remains the same, since it mostly
depends on the nuclear field distribution.
The adiabaticity condition is well satisfied for all four
resonances for Rabi frequencies 5-10 times higher than
in the present experiment, which should still be achiev-
able [10, 11, 33]. Then each of the resonances by itself
is capable of inverting the spin during a frequency chirp,
and a striking response is obtained (Fig. 4(b)). The sig-
nal is either high or low depending on whether the chirp
range covers an odd respectively even number of reso-
nances. This corresponds to an odd respectively even
number of spin inversions during the chirp, as explicitly
verified in the simulation by looking at the spin state as
a function of time throughout the chirp. This behavior
requires Rabi frequencies smaller than the separation be-
tween adjacent resonances, so that at most one resonance
acts on the spin at any given time.
We now return to the absence of a fixed-frequency re-
sponse in Fig. 2(a). From Fig. 2(d) we estimate that the
driving field from spin-orbit interaction is at most ∼ 0.05
mT. Based on comparison of the measured and simulated
lineshape, HF-EDSR may be even weaker. The driving
field is thus much smaller than the 1-2 mT standard de-
viation of the nuclear field distribution. Given the ∼ 1 s
autocorrelation time of the nuclear field [34], it is possible
that the resonance condition fluctuated too far within the
measurement time that the signal was missed (the short-
est measurement time was also about 1 s, for 100 cycles).
The frequency chirp, in contrast, always passes through
the resonance, regardless of its exact position.
In conclusion, we have shown that at high magnetic
fields it is possible to separate spin-orbit and hyperfine
mediated EDSR by their different resonance conditions.
These differences could be exploited for enhanced con-
trol of DNP processes, including selective control of the
three nuclear spin species. Furthermore, adiabatic rapid
passage is a robust technique for EDSR spectroscopy and
spin inversion in III-V quantum dots due to its robustness
to a randomly fluctuating resonance position.
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